Abstract: Decades ago, 3 He isotope enrichment in helium-weak B-type main-sequence, in blue horizontal branch and in hot subdwarf B (sdB) stars, i.e., helium-core burning stars of the extreme horizontal branch, were discovered. Diffusion processes in the atmosphere of these stars lead to the observed abundance anomalies. Quantitative spectral analyses of high-resolution spectra to derive photospheric isotopic helium abundance ratios for known 3 He sdBs have not
Introduction
In the first approximation, a large fraction of stars have a chemical composition similar to that of the Sun. Nevertheless, stars with peculiar atmospheric compositions are observed throughout many parts of the HertzsprungRussell diagram (Michaud & Tutukov 1991) . In massive giants or supergiants with luminosities L ≥ 10 4 L ⊙ , abundance anomalies are usually caused by nuclear reactions within the star itself. In most other stars, however, the observed anomalies result from atomic transport, i.e., diffusion processes occurring in the stellar atmosphere (see Michaud et al. 2015 for a detailed overview). There is no doubt that the surface abundances of all white dwarfs are caused by such atomic transport processes. Furthermore, a wide range of B, A and F-type stars on the main sequence (MS) as well as further evolved stars on the (extreme) horizontal branch (EHB) like blue horizontal branch (BHB, T e BHB (Hartoog 1979) and sdB (27000 K T e 31000 K; Heber 1987; stars is difficult to reconcile with the general weakness of the radiative acceleration of helium. In principle, the higher atomic mass of 4 He leads to a faster gravitational settling for it than for 3 He. Therefore, the 4 He/ 3 He abundance ratio decreases with time (Michaud et al. 2015) . By applying the simplistic diffusion theory model, Vauclair et al. (1974) showed that the time needed to result in the observed 3 He overabundances is much longer than the stellar lifetime. Other diffusion models like the diffusion mass-loss model for MS stars (Vauclair, 1975) in combination with stellar fractionated winds (e.g. Groote & Hunger 1997) or the light induced drift (Atutov 1986; LeBlanc & Michaud 1993 ) could provide remedies.
From a theoretical point of view, knowledge of the possible atomic diffusion processes occurring in the stellar atmosphere of 3 He B-type stars provides detailed information on the evolution of these stars. On the observational side, the determined photospheric 4 He/ 3 He abundance ratios constrain theoretical concepts. By accurately measuring the small isotopic shifts of the He absorption lines in the optical part of the spectrum, the presence of 3 He is revealed and its abundance can be estimated. The isotopic shifts with respect to the 4 He isotope vary from line to line.
Since 3 He , 5875 Å is shifted only slightly (0.04 Å) towards redder wavelengths (see the left-hand panel of Figure 2 ), it is used as a reference line. The strongest isotopic line shift in the optical is observed for 3 He , 6678 Å (see the righthand panel of Figure 2 ), being 0.50 Å. 3 He , 4922 Å (see Figure 3 ) with a line shift of 0.33 Å is the second most important indicator for 3 He in the optical (Fred et al. 1951) . In order to accurately measure the position of the 3 He 6678 Å line, optical spectra with high signal-to-noise ratios (S/N) are desirable. Generally, radial velocity measurements for the particular 3 He star have to be performed very accurately before the wavelengths of the observed helium lines can be interpreted. Because of the influence of 3 He on the helium line core positions, these lines should be avoided in order to determine the radial velocity when aiming at 3 He. Instead, the sharp lines of metals have to be preferred. Figure 1 . Synthetic model spectra for He 6678 Å calculated in LTE (black) and NLTE (red) for T eff = 28000 K, log (g) = 5.60 dex, and log (y) = −2.00 dex. Obviously, NLTE effects play a major role in the line formation of He 6678 Å.
In Section 2 we give an overview of the target sample and data which were obtained by means of four different Echelle spectrographs. Section 3 describes the model atmospheres and NLTE spectrum synthesis. We describe the structure of the model grids used in detail in Section 4. Section 5 presents the spectroscopic analysis technique and Section 6 illustrates the general effect of the 3 He isotope on spectral helium line formation in synthetic model spectra used for the analysis. Atmospheric parameters, isotopic helium abundances and abundance ratios as well as evidences for vertical helium stratification, which we found in some of the investigated sample stars, are presented throughout Section 7. Last but not least, a summary on all presented results as well as an outlook on future work is given in Section 8.
Target Sample and Data
As seen in Table 1 , the original target sample consisted of eleven sdB stars, eight known 3 He ones from and the rotating 3 He sdB star SB 290 (Heber 1987 ). In addition, we analyzed two well-studied He-normal sdBs, HD 4539 and CD-35 ∘ 15910, for comparison. Furthermore, the sample included four of the spectroscopically analyzed candidates from the ESO SPY project, which lie in the effective temperature regime between ∼ 27000 K and ∼ 31000 K, i.e., the one of known 3 He sdBs . These candidates are HE 0929-0424, HE 1047-0436, HE 2156-3927, and HE 2322-0617, which in fact could be identified as 3 He sdBs by means of their derived isotopic abundance ratios (see Section 7.2 for details). He abundances. The corresponding helium isotopic abundances are log (n( 3 He)) = −4.00 dex and log (n( 4 He)) = −2.00 dex (black curve), log (n( 3 He)) = −2.00 dex and log (n( 4 He)) = −2.00 dex (red curve), and log (n( 3 He)) = −2.00 dex and log (n( 4 He)) = −4.00 dex (blue curve), respectively. Right panel: Same as left panel but for He 6678 Å.
The analyzed spectra all were obtained by four different Echelle spectrographs. CASPEC spectra (R ∼ 14, 000, 4000-6850 Å) were obtained at the ESO 3.6 m telescope in La Silla, Chile, and UVES data (R ∼ 18, 500, 3290-6640 Å; Dekker et al. 2000) were taken in the framework of the ESO SPY project (Stroer et al. 2005; Lisker et al. 2005) at the ESO VLT. Unfortunately, the analyzed UVES spectra did not include He 6678 Å, i.e., the most important signature for 3 He enrichment. Several other helium lines were covered, including the line with the second strongest line shift in the optical (He 4922 Å). All in all, six stars were observed with the FEROS spectrograph (R ∼ 48, 000, 3530-9200 Å; Kaufer et al. 1999) mounted at the ESO/MPG 2.2 m telescope in La Silla, and three stars were observed using the FOCES spectrograph (R ∼ 40, 000, 3800-7000 Å; Pfeiffer et al. 1998) mounted at the CAHA 2.2 m telescope. We used the MIDAS (Munich Image Data Analysis System) package for the reduction of the FEROS, FOCES and UVES spectra. Artifacts caused by cosmic ray hits, dead or hot pixels, insufficient order merging, etc. also had to be excluded from the data. Finally, single spectra of all sample stars were RV-corrected and co-added in order to improve signal-to-noise (S/N) which is crucial in the context of this work. 
Model Atmospheres and Synthetic Spectra
For a sophisticated quantitative spectral analysis we calculated synthetic model spectra using a detailed 3 He model atom which has been applied recently by Maza et al. (2014) and a hybrid local thermodynamic/non-local thermodynamic equilibrium (LTE/NLTE) approach for B-type stars (Przybilla et al. 2006a (Przybilla et al. ,b, 2011 Nieva & Przybilla 2007 , 2008 . This approach is based on the three generic codes ATLAS12 (Kurucz et al. 1996) , DETAIL and SURFACE (Giddings 1981; Butler & Giddings 1985, extended and updated) . The 3 He model atom was constructed in analogy to that of 4 He by Przybilla (2005) , whereby isotopic line shifts as measured by Fred et al. (1951) were taken into account. The hybrid LTE/NLTE approach used has only been applied to hot subdwarf B stars before by Przybilla et al. (2005); Geier et al. (2007) and Latour et al. (2016) . In the framework of this work, it is indispensable to perform the analysis in NLTE since the most important signature for 3 He enrichment (He 6678 Å) is strongly affected by NLTE effects (see Figure 1 ). For our metal-rich, line-blanketed LTE model atmospheres computed with ATLAS12, we used the mean metallicity for hot sdB stars (Naslim et al. 2013) . All model atoms were used to calculate non-LTE occupation number densities in statistical equilibrium within DETAIL and the emergent flux spectrum with SURFACE. We computed synthetic spectra, including spectral lines of H , He / , C / , N / , O , Ne , Mg , Al , Si / / , S / , Ar , and Fe , and employed updated model atoms of the ones listed in Irrgang et al. (2014) . Here, we restrict ourselves to the results on atmospheric parameters. We set macroturbulence ζ and microturbulence ξ to zero, since there is no indication for extra line-broadening due to these effects in sdB stars (Geier & Heber 2012) . Throughout the analysis, we treated both helium isotopes, 3 He and 4 He, simultaneously when solving the statistical equilibrium equations and the radiative transfer in DE-TAIL and SURFACE, because all spectral lines overlap.
Because of future modified model atmospheres, which among other things account for level dissolution (see Hubeny et al. 1994) , we consider the presented results throughout Section 7 as preliminary. However, we only expect minor changes of effective temperatures and surface gravities compared to the ones presented here. Therefore, we predict that both isotopic helium abundances as well as the abundance ratios in Section 7.2 will only be affected a little by level dissolution.
Model Grid
We determined the particular (atmospheric) parameters via a grid of model spectra in a 5-dimensional parameter space (effective temperature, T e , surface gravity, log (g), isotopic helium abundances for 3 He and 4 He as well as one of the individual metal abundances). Consequently, we calculated a multi-dimensional mesh spanned by T e (20000 K T e 35000 K, step size: 1000 K), log (g) (5.0 dex log (g) 6.0 dex, step size: 0.2 dex), and isotopic helium abundances (depending on the individual star, step size: 0.2 dex) for each metal under consideration. Arbitrary parameter combinations within this mesh could be approximated by linear interpolation between the calculated synthetic spectra. A detailed description on how we calculated individual model spectra is given in Irrgang et al. (2014) . Since it is extremely important to know the exact radial velocity v rad of the individual stellar spectrum in order to determine a meaningful abundance ratio 4 He/ 3 He, we implemented a precise radial velocity determination by including metal absorption lines in our fit routine. However, radial velocities will not be presented throughout Section 7 because we used RV-corrected and co-added spectra for our analysis.
Spectroscopic Analysis Technique
We carried out the whole analysis in ISIS (Interactive Spectral Interpretation System; Houck & Denicola 2000) in analogy to the analysis of Irrgang et al. (2014) . ISIS made use of the whole spectrum at once, including all synthesized metal lines. Therefore, the entire wavelength scale of the model spectrum could be shifted and adjusted to the real spectrum according to the Doppler formula. We fitted T e , log (g) and both isotopic helium abundances simultaneously because of their degeneracy. In order to perform our analysis, we excluded features like cosmics, normalization problems, interstellar or telluric lines, hot pixels, reduction artifacts, noise or nonoverlapping diffraction orders at the end of the individual spectrum from fitting. We used different minimization algorithms implemented in ISIS (non-gradient ones like simplex and powell, and gradient methods like mpfit, etc.) in order to find the global minimum of the χ 2 landscape. Generally, this landscape was well-behaved such that the best fit was found after a relatively small number of steps. We also determined errors for all derived values by means of χ 2 statistics. All of them are given as 1σ (≈ 68%) statistical confidence intervals throughout Section 7.
The 3 He Model Atom and its Influence on Spectral Line Formation
Figures 2 and 3 display synthetic model spectra based on ATLAS12, DETAIL, and SURFACE for He 5875 Å, He 6678 Å, and He 4922 Å, respectively. We calculated all models for fixed effective temperature, fixed surface gravity, but three different combinations of 3 He and 4 He abundances. We chose T e and log (g) to lie within the typical hot subdwarf B regime. For He 5875 Å, no isotopic line shift is visible at all and the line profile is not distorted (see the left-hand panel of Figure 2 ). However, in the case of He 6678 Å (see the right-hand panel of Figure 2 ) the isotopic ratio strongly influences the line shape. Hence, the isotopic line shift is pronounced and a doubling of the line occurs depending on the 4 He/ 3 He ratio. 
Results

Effective Temperatures and Surface Gravities
By fitting the calculated model spectra to the hydrogen and helium lines of the spectra listed in Table 1 Table 2 . The zero-age (ZAEHB) and terminalage extreme horizontal branch (TAEHB) are also shown in solid and dashed lines, respectively.
The results of our analysis concerning T e and log (g) are displayed in the T e -log (g) diagram of Figure 4 . If two coadded spectra were available (see Table 2 ), we averaged the individually measured parameter values and derived errors according to Gaussian error propagation afterwards. Most of the derived effective temperatures and surface gravities of the analyzed sample stars match the extreme horizontal branch, which is fully consistent with theory (see Figure 4) . The only exception is BD+48 ∘ 2721, which lies at the cooler end of the sequence of Figure 4 . Our fit resulted in T e = 20 400±200 K and log (g) = 4.78±0.02 dex. This is clearly at odds with the values determined by (T e = 24 800 K and log (g) = 5.38 dex). In fact, this would point towards a BHB nature of BD+48 ∘ 2721. Table   2 ). This is overall in good agreement with the results of , who measured a narrow strip between ∼ 27000 K and ∼ 31000 K for their 3 He sdB sample stars.
The derived surface gravities for all 3 He sdBs are consistent with the ones determined by . Concerning CD-35 ∘ 15910, the values for T e and log (g) do not show any significant discrepancy to literature. determined T e = 27000 K and log (g) = 5.32 dex for this He-normal star. This is consistent with the results shown in Table 2 (T e = 27 100 ± 100 K and log (g) = 5.35 ± 0.01 dex). In contrast, the parameters determined for the other He-normal star HD 4539 (T e = 22 600±100 K, log (g) = 5.24 ± 0.01 dex), a well-studied sdB star, differ from those in literature. Heber & Langhans (1986) derived T e = 24 800 K, log (g) = 5.4 dex, Baschek et al. (1972) T e = 25 000 ± 2000 K, log (g) = 5.4 ± 0.2 dex, and Saffer et al. (1994) T e = 27 000 K, log (g) = 5.46 dex, respectively. However, all previous studies had to rely on model atmospheres with less line blanketing (Heber & Langhans 1986) or even unblanketed models (Baschek et al. 1972; Saffer et al. 1994) . Therefore, these older models have lower temperatures than our ATLAS12 models at line formation depths. Consequently, it is not surprising that we derived a lower effective temperature in order to accurately fit the observed lines.
Isotopic Helium Abundances
In Figure 5 fective temperature as HD 4539, the strong mismatches in the case of BD+48 ∘ 2721 become obvious.
3 He Subdwarf B Stars with Known 3 He Anomaly
Most of the known 3 He sdB stars (EC 03263-6403, EC 14338-1445, Feige 38, PG 1710+490, and PG 1519+640) show fits of similar quality to the He-normal sdBs. The fits of He 5875 Å and He 6678 Å for the FEROS spectrum of EC 03263-6403 are shown in Figure 6 . However, slight mismatches in a single (He 5875 Å) or in a few lines (He 5875 Å together with He 4471 Å, He 5015 Å, and He 6678 Å) can be observed for some of the stars.
Four 3 He Subdwarf B Stars from the ESO SPY Project
We found four formerly unclassified 3 He stars among 26 sdB stars from the ESO SPY project in the framework of this analysis. These are: HE 0929-0424, HE 1047-0436, HE 2156-3927, and HE 2322-0617. The analyzed UVES spectra did not include the helium line with the strongest isotopic shift, He 6678 Å, since the corresponding wavelength regime was not covered. We mostly used He 4922 Å as the second most sensitive line to 3 He enrichment in order to spectroscopically study the 3 He anomaly in these stars. Hence, the reduced sensitivity by the lack of He 6678 Å is one possible explanation for the higher abundance ratios of the Since we do not deal with metal abundances throughout this paper, synthesized metals are not marked in the subpanels.
ESO SPY 3 He sdBs compared to that of the known 3 He sdBs (see Table 3 ). It also has to be highlighted that the analyzed UVES spectra had lower S/N ratios than those of the other stars. Consequently, it is not surprising that for these stars not only is the sensitivity lower, but the uncertainties of the given abundance ratios in Table 3 are larger. Despite everything, we were able to fit most of the helium lines reasonably well for these stars. Figure 7 displays the line fits of He 4922 Å and He 5875 Å in the case of the rather noisy spectrum of HE 0929-0424.
Helium Line Profile Anomalies
As discussed above, we were able to fit the observed helium line profiles very accurately for both He-normal comparison stars and many 3 He sdBs. These stars are marked in green in Table 3 . In principle, the observed mismatches in a single or in a few helium lines could be due to deficits in modeling the temperature stratification. However, we did not succeed in achieving a satisfactory fit of the helium lines of the 3 He hot subdwarf B stars EC 03591-3232, EC 12234-2607, and BD+48 ∘ 2721. A lack of appropriate model atoms can definitely be ruled out in these cases. These stars are marked in red in Table 3 as well as in Figure 4 . We want to point out that the results of Table 3 for both isotopic helium abundances, 3 He and 4 He, are only reliable to a certain extent for the relevant stars because of the insufficient line fitting. Therefore, we do not list the resulting abundance ratios in Table 3 . Figure 8 displays the individual helium line fits for the FOCES spectrum of BD+48 ∘ 2721. A significant mismatch of the cores of many He lines is obvious and we were only able to achieve a satisfactory fit for the weakest He lines. These discrepancies are also visible in the FEROS spectrum of EC 03591-3232 (see Figure  9 ). We calculated a whole set of He profiles for a large variety of helium abundances, but none of them were able to simultaneously match both the wings and the core of the analyzed absorption lines of EC 03591-3232, EC 12234-2607, and BD+48 ∘ 2721. The lines at λ4026 Å and λ4472 Å exhibit shallow cores in combination with unusually broad wings (see Figures 8 and 9 ). This is a clear sign that helium is not homogeneously distributed throughout the stellar atmosphere of these stars, but instead shows a vertical abundance stratification. The strong line wings require a higher than average helium abundance in deeper atmospheric layers, where the wings are formed. The shallow line cores indicate a lower than average helium abundance in outer atmospheric layers, where the cores are formed. Another trend is visible in Figures 8 and 9 . The stronger the individual helium absorption line, i.e., the further out in the stellar atmosphere the particular line is formed, the worse the line core can be reproduced. In particular, this applies to λ4472 Å, λ4922 Å, λ5016 Å, λ5875 Å, λ6678 Å as well as to λ7065 Å and again indicates that the helium abundance has to be lower in outer layers of the atmospheres than in deeper ones. This has also been reported for other 3 He (enriched) B-type stars like the main-sequence prototype HgMn star κ Cancri (Maza et al. 2014) and for the well-studied BHB star Feige 86 (Bonifacio et al. 1995) . In fact, Bonifacio et al. (1995) were also not able to simultaneously fit both the wings and the core of the analyzed absorption lines in the spectrum of Feige 86, although having calculated He profiles for a large variety of helium abundances, too. Other chemically peculiar stars also show stratification effects (see, e.g., Dworetsky et al. 2004 and Hubrig 2007) .
Nevertheless, this is the first time that stratification has been found in hot subdwarf B stars.
Summary and Outlook
We investigated a sample of 15 sdB stars, consisting of 13 3 He and two He-normal reference stars, using a hybrid LTE/NLTE approach. We used high-resolution spectra in order to spectroscopically study the 3 He anomaly in the atmosphere of these stars. We derived effective temperatures and surface gravities from helium and hydrogen lines, but focused on the determination of the 3 He and 4 He abundances and presented preliminary results. In the framework of our analysis, we newly classified four sdB stars (HE 0929-0424, HE 1047 -0436, HE 2156 -3927, and HE 2322 taken from the hot subdwarf list of the ESO Supernova Ia Progenitor Survey as 3 He sdBs.
Both effective temperatures and surface gravities of nearly all analyzed hot subdwarf B stars match the extreme horizontal branch. It is remarkable that all but one of the 3 He sdB stars cluster in a small effective temperature strip between ∼ 26000 K and ∼ 30000 K. The sole exception is BD+48 ∘ 2721 at T e = 20, 400 ± 200 K and log (g) = 4.78 ± 0.02 dex, which places the star on the BHB. He sdBs compared to that of the known 3 He ones can be explained by the lower S/N of the analyzed UVES spectra. On the other hand, the reduced sensitivity caused by the lack of He 6678 Å in the UVES data strongly affects the derived isotopic abundances and, therefore, the abundance ratios as well. We were not able to satisfactorily reproduce the investigated helium line profiles for three of our sample stars. These stars (EC 03591-3232, EC 12234-2607, and BD+48 ∘ 2721) show evidence that the helium abundance decreases from the inner to the outer atmospheric layers (vertical stratification). It is the first time that such helium stratification effects have been observed in sdB stars. For future work, we will improve our model atmospheres by accounting for level dissolution (see Hubeny et al. 1994) . However, we only expect minor changes of atmospheric parameters and isotopic abundance ratios. Furthermore, we want to carry out an elaborated quantitative spectral analysis of the helium stratification profile (see Farthmann et al. 1994) by updating the ATLAS code. By doing so, we will be able to ensure deeper insights on the atmospheric structure and on diffusion processes occurring in the stellar atmospheres of the relevant stratified 3 He sdBs.
In principle, our hybrid LTE/NLTE approach would allow us to perform a sophisticated quantitative spectral analysis on other 3 He (enriched) B-type stars, for which excellent high-resolution spectra are available. This would allow us to further compare the properties of 3 He stars among BHB, main-sequence and sdB stars. On the observational side, infrared spectra would be even more helpful to further constrain our derived abundance ratios, because He 10830 Å is known to show the largest measurable isotopic line shift of ∼ 1.32 Å. In fact, this is more than twice as large as measured for He 6678 Å (∼ 0.50 Å).
In addition to all of that, we want to use our calculated model grids in order to derive metal abundances for C, N, O, Ne, Mg, Al, Si, S, Ar, and Fe for all of our sample stars.
